ABSTRACT We present simulation results on the self-assembly behavior of sickle hemoglobin (HbS). A coarse-grained HbS model, which contains hydrophilic and hydrophobic particles explicitly, is constructed to match the structural properties and physical description of HbS. The hydrophobic interactions are shown to be necessary with chirality being the main driver for the formation of HbS fibers. In the absence of chain chirality, only small self-assembled aggregates are observed whereas self-assembled elongated steplike bundle microstructures appear when we include chain chirality. We also investigate the effect of confinement on self-assembly, and find that elongated fibers-similar to open-space ones-can be obtained in hard confinement domains but cannot be formed within compliant red blood cell (RBC) domains under the same assumptions. We show, however, that by placing explicitly HbS fibers inside the RBCs and subjecting them to linear elongation and bending, we obtain different types of sickle-shaped RBCs as observed in sickle cell anemia.
INTRODUCTION
Self-assembly, which makes use of molecular rather than atomic units, offers a bottom-up approach to the development of complex materials at different length scales (1) . The ability to self-assemble is inherent in biological macromolecules such as proteins and phospholipids but also in synthetic amphiphiles, i.e., surfactants and block copolymers. Recently, increased attention has been given to chiral molecular self-assembly (2) with chiral molecules lacking internal planes of symmetry. Chiral molecules are able to self-assemble into a variety of finite structures ranging from zero-dimensional spherical micelles to one-dimensional elongated micelles to extended two-dimensional sheetlike micelles (3) . These chiral self-assembled structures are widely found in natural systems, such as twisted fibers, helical ribbons, and nanotubes.
Chiral molecular self-assembled structures have also been associated with a number of human diseases, including amyloid formation in neurodegenerative diseases such as Alzheimer's and Parkinson's (4), sickle cell anemia induced by the growth of polymer fibers (5) , and gallstones formation in nucleating bile (6) . In particular, sickle cell anemia has been characterized as the first ''molecular disease'' (7) . The symptoms of the disease have been traced to the polymerization of sickle hemoglobin (HbS) at high enough concentrations, forming long fibers that distort the shape of red blood cells (RBCs) and dramatically alter their mechanical and rheological properties (8, 9) . Moreover, the sickleshaped cells may adhere to the wall of small blood vessels, and hence brain perfusion can be affected. Damage of the affected organs, pain, and often death, are the main clinical manifestations of sickle cell anemia (10) . The sequence of events in a sickle-cell crisis is: nucleation, polymerization, cell deformation, and then vaso-occlusion, revealing that HbS polymerization is the primary cause of the clinical disease manifestations (11) (12) (13) .
HbS polymerization is a dynamic event that can be modeled as a double nucleation mechanism (14) (15) (16) . The three stages in the formation of HbS fibers are 1), homogeneous nucleation of polymer fibers, 2), fiber growth by the addition of HbS molecules, and 3), fiber branching by secondary nucleation of new fibers on top of existing ones. A different mechanism of polymerization has been suggested by recent experiments and theory (17) (18) (19) . According to this mechanism, there are two steps in the formation of nucleation of HbS fibers: 1), the formation of dense liquid droplets, and 2), the formation of fiber nuclei within these droplets. Subsequently, HbS fibers grow spontaneously and interact continuously with the soft membrane of SS-RBCs, resulting in deformed shapes.
Due to the intriguing nonequilibrium nature of chiral selfassembly and self-assembled nanostructures, their fundamental understanding-especially one-dimensional chiral self-assembled structures such as twisted fibers and helical nanotubes-have important physical and biological implications. For example, Turner et al. (20) constructed a theoretical model for the thermodynamic stability and equilibrium pitch length of fibers, demonstrating that twist effects play an essential role in stabilizing HbS fibers. Dynamic simulations of self-assembled filamentous bundles by Yang et al. (21) confirm that chain chirality is the reason for self-limited bundle sizes, and that strong interactions lead to the formation of branched networks. Li and Lykotrafitis (22) developed a solvent-free coarse-grained molecular dynamics model to represent a single hemoglobin fiber as four tightly bonded chains, and they found their model could simulate the mechanical behavior of single HbS fibers. In recent work, Lei and Karniadakis (23) employed a validated multiscale model of RBCs to simulate the morphology and dynamic properties of sickle cells. In particular, they quantified cell distortion with asphericity and elliptical shape factors, and their results are consistent with the medical image observations (24, 25) .
The kinetic and dynamic details of these processes remain largely unknown. Molecular-level simulation will help in understanding HbS polymerization; however, to the best of our knowledge, no particle-based model has been used to accurately describe the particular structure of HbS molecules nor the crowding effects on selfassembly at high density. In this study, we present a coarse-grained model of HbS, and use it to simulate the self-assembly behavior of HbS. Our interest lies in the effect of molecular chirality on the HbS self-assembly and in observing possible shape deformation of RBC induced by the growth of HbS fibers. We employ the dissipative particle dynamics (DPD) method, a coarse-grained particle-based simulation technique in three dimensions, which correctly represents hydrodynamic interactions (26) . The rest of this work is organized as follows: We describe the mesoscopic HbS model and briefly describe the DPD simulation method. We then present and discuss the simulation results. The findings from the simulation studies and the model predictions are summarized in Conclusion, together with possible future applications of such a model.
MODEL AND SIMULATION METHOD

Mesoscopic model
Normal RBCs contain hemoglobin A composed of two a-and two b-subunits; the pairing of one of each of a and b produces a hemoglobin dimer. However, the hemoglobin dimer does not efficiently deliver oxygen. Two dimers combine to form a hemoglobin tetramer, the functional form of hemoglobin. As the RBCs traverse the microcirculation, oxygen is released from oxyhemoglobin to generate deoxyhemoglobin. Upon deoxygenation, the glutamic acid (Glu) in hemoglobin is replaced by the less-polar amino acid, valine (Val), at the sixth position of the b-subunit. The Glu-6(b)/Val mutation in deoxy-HbS favors a hydrophobic interaction between each strand and its neighbor (27) .
The abnormal hemoglobin in which valine replaces glutamic acid renders the hemoglobin less soluble under decreasing oxygen concentrations, and leads to polymerization into large fibers that distort the RBCs into sickle shapes. In this study, a coarse-grained model is constructed to match the physical description and structural properties of the HbS molecule. Specifically, one hemoglobin molecule is built with two hydrophilic particles (denoted by A) and two hydrophobic particles (denoted by B). Particles A and B are joined together by a harmonic spring to form a dimer. Two dimers are then connected by harmonic springs to form a tetramer, i.e., the HbS molecule (see Fig. 1 a) .
With only four particles, the HbS model is admittedly too simple to represent all of the structural properties of an HbS molecule. In this study, however, our model is not intended to represent the formation of fiber nuclei, but instead, it focuses on the growth of HbS fibers. Thus, several HbS molecules are then connected by harmonic springs to form an HbS single strand (see Fig. 1 b) . The symbol n in this figure represents the Here the coarse-grained HbS model uses n ¼ 3 with two end units; the HbS strand then consists of five molecules. In addition, one of the two B particles of a HbS molecule in one strand is then connected to another B particle of the partner strand to form a hydrophobic contact (c). The C particle represents the cytosol; a large number of cytosolic particles describe the crowding effects inside the RBC. The A and C particles are hydrophilic whereas the B particles are hydrophobic. (Sketch enclosed within the dashed line) Confinement effect of HbS chains. To impart the bending rigidity to HbS chain, the connections among three consecutive hydrophobic particles in the same HbS strand are constrained to a prescribed angle. Two types of bond-bending interactions are included to control the chirality of HbS chain, one of which is exerted between one hydrophilic particle and two consecutive hydrophobic particles in a same HbS strand, combined with the other exerted between the hydrophilic particle and two consecutive hydrophobic particles in two different HbS strands. A bond-bending force is added to those hydrophobic particles from two different HbS chains when their free ends (enclosed within the dotted line) have a close contact (d).
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Upon deoxygenation, the replacement of a b-subunit at the site of b6 with valine results in a hydrophobic interaction. Here, we take the B particles to be hydrophobic and the A particles to be hydrophilic. Experimental investigation also shows that the primary structural unit is a double strand in which HbS molecules are staggered (28) . The hemoglobin tetramer is oriented in such a way that one of the two b-subunits forms a hydrophobic contact at the b6 site with a complementary or acceptor site on a b-subunit of the partner strand. For this reason, this connection is made by harmonic springs, as also shown in Fig. 1 c. Cytosolic particles (denoted by C) are included explicitly to describe the crowding effect in the models; however, for clarity, they are not shown in the following figures, except later in Fig. 8 .
Dissipative particle dynamics formulation
The self-assembly of HbS is simulated with dissipative particle dynamics (29) . DPD describes clusters of molecules moving together in a Lagrangian fashion subject to soft repulsive potentials. In a DPD simulation, a particle represents the center of mass in a cluster of atoms, and the position and momentum of the particle is updated in a continuous phase at discrete time steps. Particles i and j at positions r i and r j interact with each other via pairwise conservative, dissipative, and random forces. Specifically, in our simulations we have
where a ij is the maximum repulsion between particles i and j, and r ij is the distance between them with the corresponding unit vector b r ij . Also, y ij is the difference between the two velocities, z ij is a random number with zero mean and unit variance, and g and s are parameters coupled by s 2 ¼ 2gk B T, where k B is the Boltzmann constant and T is the temperature. The weighting function u(r ij ) is given by
In the DPD method, the dissipative force and the random force act as heat sink and source, respectively, and the combined effect of the two forces forms a thermostat, which conserves momentum and thus provides the correct description of hydrodynamics for the system. Also, a common choice of the soft repulsion for the conservative force permits us to use larger integration time steps than are usually allowed in molecular dynamics. Thus, DPD is a simple but very effective simulation method that represents hydrodynamic interactions correctly.
The total force can also have an elastic contribution, which is derived from the harmonic force used to connect two consecutive particles in the HbS chains. The harmonic spring force with a spring constant of k s and an equilibrium bond length of r s in our simulations has the form
To control the HbS chain flexibility, an extra bond-bending force among three subsequent hydrophobic particles is added,
where k q and q 0 are the bond-bending constant and the equilibrium angle, respectively. According to Yang et al. (21) , chain chirality is the reason for selflimited, self-assembled bundle sizes; thus, we need to also consider chiral interactions. We then include a tunable bending-resistance interaction described by a bending finitely extensible-nonlinear-elastic force (30,31), which has the form
where Dq max ¼ 0.3q 0 is the maximum allowable bending angle between these hydrophobic particles. To simulate the self-assembly of HbS with chain chirality, the connections between two consecutive hydrophobic particles and one hydrophilic particle are constrained to a certain angle, q ABB . Specifically, two different types of bond-bending interactions are included to control the chirality of HbS chain, one of which is exerted between one hydrophilic particle and two consecutive hydrophobic particles in the HbS strand. It is applied in both directions with an equilibrium angle of q ABB x 90 ; the other is exerted between one hydrophilic particle and two consecutive hydrophobic particles in two different HbS strands, with q ABB ranging from 0 ~1 80 . Moreover, an additional finitely extensible-nonlinear-elastic force, which is applied among three hydrophobic particles from two different HbS chains when the distance between their ends is less than a target distance, is also included to strengthen the bending rigidity of self-assembled HbS fibers. In this study, the bending rigidity of a HbS chain is mainly determined by the bond-bending force between hydrophobic particles, which are directed longitudinally along the fibrillar axis. The chiral interaction, which is lateral to the fibrillar axis, has only a slight influence on it. The nonbonded interactions are represented by pairwise additive forces. Specifically, these interaction terms are described by the conservative DPD forces.
Model parameters
Based on previous computational studies (32, 33) , the repulsive parameter related to the interaction between two like DPD particles is set at a ii ¼ 25.00 (i ¼ A, B, C), causing the simulated compressibility of these DPD particles at room temperature to correspond to the experimental value. As suggested by Laradji and Sunil Kumar (34) , the hydrophobic and hydrophilic interactions emerge from the relative interaction strengths a ij . With this, the value of the parameter between two particles, one of which is hydrophilic and the other hydrophobic, is a AB ¼ 50.0, which is considered to be a sufficiently large value for the strong segregation (35) . To model the amphiphilic nature of HbS, the repulsion parameter between the hydrophilic A-and cytosolic C-particles is made smaller than the repulsion parameter between two alike particles, i.e., a AC ¼ 12.5. Likewise, the parameter related to the interaction between the hydrophobic B-and cytosolic C-particles is made larger than the repulsion parameter between two similar particles, which ensures that the hydrophobic segment of HbS is sufficiently shielded from the cytosol. In this study, we choose a BC ¼ 200.0.
We then simulate a HbS single-strand chain in cytosol and employ the static scaling exponent (n) in polymer solution to differentiate between hydrophilicity and hydrophobicity of DPD particles. As we just expect to differentiate the hydrophilicity and hydrophobicity of DPD particles, for the sake of simplicity, we assume a AC and a BC to be equal, and the HbS chain can be treated as a homopolymer chain. Following Kong et al. (36) , the variation of repulsive parameter between HbS chain and solvent particles, a ij , can be controlled by a solvent quality parameter, ε, which has the form a ij ¼ a ii (1 þ ε). When ε < 0, the repulsion between the HbS chain and cytosol particles is weaker than that between two alike particles, leading to preferential association between these two particles and resulting in a hydrophilic interaction. When ε > 0, the repulsion between Biophysical Journal 103(6) 1130-1140 the HbS chain and cytosol particles is strong, leading to preferential separation between two particles and resulting in a hydrophobic interaction.
We then systematically vary the values of ε (a ij changes simultaneously according to the above equation) and examine the static scaling exponent, n, for a series of systems. Fig. 2 shows the scaling exponent as a function of DPD repulsive parameter for an HbS chain. We find that a parameter choice of a ij < 25.00 leads to static scaling exponent n of 0.58~0.61 for the radius of gyration with HbS chain length. These values are consistent with the value a ij x 0.59, which characterizes the statistics of an excluded volume chain. We also find that n ¼ 0.30~0.32 for a ij > 28.50, which agrees with the theoretical value of n ¼ 1/3 for a collapsed polymer chain. In addition, the Flory-Huggins cN parameter is used to characterize the weak-and strong-segregation regimes. In general, we expect that cN [ 10.0 for a strong-segregation regime whereas cN is~10.0 for weak-segregation regime (37) 
Regarding the elastic contribution to the interaction energy, the spring constant is given by k s ¼ 1000.0 and the equilibrium bond length r s ¼ 0.70r c . The hydrophobic segments of HbS are considered fairly rigid in our study; therefore the value of the equilibrium angle in these parts is set to q ABB ¼ 180
. To determine the bending constant, k q , for the HbS chain, we require that the angular distribution of rigid parts be within our statistical accuracy. A value of k q ¼ 200.0 is found to satisfy this requirement. When the extra bond-bending force is introduced to the system, the rigidity of the hydrophobic part leads to an approximately constant length of long HbS chain. The end-to-end vector, which is the vector that points from one end of a polymer to the other end, can be used to describe the structural characteristics of polymer chain.
In this study, we measure the root mean-square end-to-end distance, ðhRi 2 Þ 0:5 , from one free end to the other free end of a HbS double-strand chain. The normalized distribution of root mean-square end-to-end distance that is directed longitudinally along the fibrous axis for HbS chain with and without bond-bending forces is plotted in Fig. 3 a. In the absence of bondbending force, a broad peak distribution is observed, and the values of the main peak are distributed in the range from 1.3r c to 2.1r c , where r c is the cutoff radius in DPD simulations. In the presence of bond-bending force, the distribution of root mean-square end-to-end distance along the fibrous axis turns into a sharp one and the peak shifts toward a value of 4.0r c , which is higher than that of fully flexible chains (without the bond-bending force). Next, we calculate the angle, f, between the vectors from the center of mass of the whole HbS molecular backbone to the centers of mass of each side along the fibrous axis, and investigate the angular distribution, P(f), in HbS chains with and without bond-bending forces. It had been previously proposed that the following equation be used to calculate the cosf (38) ,
where r B1 , r B , and r B2 are the position vectors of the centers of mass of the first side, the HbS molecular backbone, and the second side, respectively. Fig. 3 b shows two representative results of P(f) for HbS chains. Without considering the bond-bending force, we find that the angle can take a wide variety of values, whereas in the presence of bond-bending force, the distribution shows an obvious increase at f > 120 and a peak near f > 160 , indicating that there hardly exist any folded chains. It is clear that the existence of the bond-bending force leads to the increase in individual HbS chain sizes, owing to the rigidity of the hydrophobic segments. Table 1 summarizes the parameters of interactions in the DPD simulations.
We use 8000 constituent particles of HbS molecules (2000 repeat units) with a homogeneous distribution in a simulation box of 30r c Â 30r c Â 30r c with a particle number density of 3. Therefore, the total number of DPD particles in the system is 81,000. After these parameters are selected, the self-assembly aggregation of the HbS chains can be solely determined by the molecular chirality. Next, we present results from simulations of HbS systems. By changing q 0 between the two consecutive hydrophobic B particles and one hydrophilic A particle, these HbS chains can self-assemble into complex microstructures, such as elongated sheetlike membrane and steplike HbS fibers. In these DPD simulations, the value of the number of HbS molecules in a HbS strand is fixed at 5. If the length of these HbS chains is too short, the HbS molecules cannot self-assemble into elongated sheetlike membrane or steplike HbS fibers. On the other hand, if the length of these HbS chains is too long, it is easier to form steplike HbS fibers but the size of the simulation box must also be larger to prevent periodic artifacts.
RESULTS AND DISCUSSION
The polymerization of HbS is a remarkably dynamic event. Study of the kinetics of HbS polymer formation, both in pure HbS solutions and in sickle erythrocytes, could provide insights into the pathogenesis of vaso-occlusive crises. We first run the three-dimensional DPD simulation in a periodic box. Without chiral interaction between hydrophobic B and hydrophilic A particles, only small size HbS aggregates are observed in the DPD simulations (see Fig. 4 a) . One possible reason for this is that the hydrophilic particles can rotate freely; the coverage of hydrophilic particles on the surface of hydrophobic particles prevents direct connections between the hydrophobic and cytosolic particles.
When we consider the chain chirality, the stepped, elongated sheetlike membranes are observed from the DPD simulations (see Fig. 4 b) . In this case, we choose the bending constant k bend ¼ 200.0 and equilibrium angle q ABB ¼ 180.0 with the maximum allowed bending angle Dq max ¼ 0.1q ABB . The formation of this microstructure is a result of the local packing constraint between hydrophilic and hydrophobic particles due to strong chiral interaction. Two consecutive particles (one of which is hydrophilic and the other hydrophobic) on one strand are approximately collinear with another two consecutive particles on another strand; thus, the HbS chains pack parallel to each other into monolayer membrane to reduce the system's energy.
By decreasing the chiral interaction, i.e., the equilibrium angle decreases to q ABB ¼ 120.0 whereas the maximum allowed bending angle increases to Dq max ¼ 0.3q ABB , Fig. 5, left) . In this case, the hydrophilic particles are still restricted due to the chain chirality. The hydrophobic particles have to pack more densely to form cylindrical microstructures to minimize contact with the cytosolic particles, resulting in the aggregation of HbS and persistent growth along one dimension to form elongated fibers (see Fig. 5 , left). Some elongated HbS fibers are subsequently attracted and interact with the neighboring HbS fibers to form complex cross-linking network microstructures (see Fig. 4 c) . However, without chiral interaction, the HbS chains cannot self-assemble into complex networklike structure, even if we use a much stronger bending rigidity. Thus, chirality is the main driver for the formation of HbS fibers.
The formation of polymer fibers is the primary cause of the characteristically deformed sickle RBCs. To quantify the shape of the self-assembled elongated fibers, we use the radius of gyration tensor (39) given by
where g and d are the x, y, and z coordinates of a particle, and g cm and d cm are the x, y, and z coordinates of the center-ofmass. Following Horsch et al. (40), we calculate the eigenvalues of the tensor and plot the three principal radii of gyration R 1 , R 2 , and R 3 (R 1 R R 2 R R 3 ). Fig. 5 (right) shows the radii of gyration for polymer fibers. Two of the principal radii, R 2 and R 3 , appear to be independent of the polymer fiber size over a broad range of sizes, whereas the third radius, R 1 , increases with the size of the polymer fiber. It has been demonstrated that confinement has an influence on the self-assembly morphologies of biopolymers or soft matter (41) . The polymerization of HbS fibers takes place within the RBC membrane, which is one type of a confined system. To illustrate the effect of the confinement on microstructure formation, we then simulate the selfassembly of HbS in bounded domains. In the DPD simulations, the confinement of HbS is realized by placing HbS inside a cube confined in two or three dimensions.
To start, we simulate the self-assembly of HbS under hard confinement, in which the shape of the bounded box is fixed a priori and cannot be changed by the variation of either the internal self-assembled morphology or external conditions. From the DPD simulations, we find that the elongated steplike fibers and/or network microstructures can self-assemble from the HbS molecules (see Fig. 6 ). The type of the bounding domain may affect the self-assembly morphologies, and one can draw the phase diagram to show the difference from the self-assembly in bulk (42, 43) . Here, we also want to observe the possible effect of the aspect ratio of the geometry on the HbS self-assembly. To this end, we put the HbS molecules in a three-dimensional prism of 48r c Â 48r c Â 12r c with three-dimensional confinement of which one dimension (z axis) is strongly confined. The confinement behavior is more pronounced in the strong confinement direction imposed by the asymmetric geometry; however, elongated fibers can be also formed from the HbS molecules (see Fig. 7, a and b) .
Next, we study the growth of HbS residing inside a RBC, and observe possible shape deformation of the RBC induced by the HbS fibers. In this study, the RBC was simulated by a multiscale RBC model, which was developed by Fedosov et al. (44) . In this model, the membrane of RBC is modeled by a two-dimensional triangulated network with N y ¼ 9128 vertices, where each vertex is represented by a DPD particle. The vertices are connected by N s viscoelastic bonds to impose proper membrane mechanics. The mechanical properties of the modeled membrane are fully determined by the experimentally established RBC macroscopic properties such that various cell membrane mechanical states can be imposed without any adjustment of parameters. The RBC linear and nonlinear elastic deformations match those obtained in optical-tweezers experiments (45, 46) . The rheological properties of the membrane have also been compared with those obtained in optical magnetic twisting cytometry, membrane thermal fluctuations, and creep followed by cell recovery (47) . For details on the RBC model, we refer to Fedosov et al. (44) and Pivkin and Karniadakis (48) . We first simulate the HbS self-assembly in a rigid RBC by freezing the RBC membrane vertices, and we find that the HbS molecules can also self-assemble into elongated fibers in this hard confinement (see Fig. 7, c and d) . However, several of the elongated fibers buckle to conform with the RBC membrane curvature near the boundary. In our simulations, the RBC is rigid and its shape cannot be deformed, thus, it is expected that the shape of the RBC cross section affect the HbS self-assembly. In biological systems such as RBCs, self-assembly takes place in a confined environment whose boundary is not rigid but compliant. The self-assembled microstructure under this soft confinement should be different because of the flexibility of the confined boundaries. In a recent study, Chi et al. (49) simulated the soft confinement-induced morphologies of diblock copolymers, in which they employed a ''bad solvent'' condition to describe the soft confinement effect. To the best of our knowledge, this is the only work related to the soft-confinement-induced self-assembly using particle-based molecular simulations. In Fig. 8 , we show the response of RBC obtained due to the aggregation of HbS molecules. In this soft confinement, the RBC can keep its shape when only the cytosolic particles are included inside the RBC membrane. Strong RBC membrane fluctuations take place when we include the HbS molecules into the RBC. To provide a more quantitative insight into the thermal fluctuation of the RBC membrane with and without HbS molecules, we computed the membrane fluctuation distributions for these two different cases following Fedosov et al. (47) (see Fig. 9 ). The RBC membrane with HbS molecules has a wider distribution, indicating that the shape of the RBC membrane is deformable with the internal self-assembled morphology. It is very difficult to study the self-assembly of HbS molecules under the soft confinement due to the moving and elastic boundaries of RBC. Moreover, for a strongly fluctuating RBC membrane the impenetrability between membrane and HbS molecules becomes important and leads to strong repulsive interactions between them, which also affect the self-assembly of HbS molecules. Hence, in our simulations we find that the HbS molecules cannot self-assemble into elongated HbS fiber inside a compliant RBC under conditions and parameters similar to the ones employed in the open-space and hardconfinement simulations. This may be related to the RBC membrane model employed in this study and it will be investigated in future work more systematically.
Here to circumvent this difficulty, we can start the simulation by placing an elongated HbS fiber (already formed in the three-dimensional periodic system) inside the RBC, and use a linear spring model to simulate the growth of the HbS fiber. This has the form (50)
where l is the curvilinear length of the HbS fiber, and l ref is the expected length of the HbS fiber for a given oxygen In contrast to normal RBCs, sickle cells exhibit various morphological states due to the polymerization of HbS and alignment of fibers inside the RBC. In the deoxygenated state, the HbS molecules aggregate and persistently grow along one dimension to form elongated fibers. Consequently, the RBC undergoes various degrees of distortion due to the interaction between the growing HbS fibers and the RBC membrane. Indeed, when we increase the length of the HbS fiber, we find the HbS can deform the RBC shape, and become sickle-shaped cell (see Fig. 10 ). If we put a cross-linking microstructure inside the RBC, and use a similar method, we find that the RBC become a holly leaf-shaped cell (see Fig. 11 ). Different self-assembled microstructures from HbS molecules have been observed in experiments. The polymerization of HbS is the primary cause of the sickle cell disease, while the alignment of these self-assembled HbS fibers distorts RBC membranes and deforms their shapes. So, the sickle RBC shapes also depend on the number of the HbS fibers, which is related to the deoxyhemoglobin concentration values and the rate of the deoxygenation procedure. In this study, we only focus on the effect of chain chirality on the self-assembly of HbS and the shape transformation of RBC induced by the growth of HbS fibers. (23), we employ the asphericity shape factor (ASF) and elliptical shape factor (ESF) to quantify the RBC membrane distortion. The ASF and ESF, which are calculated from the eigenvalues of the radius of gyration tensor defined in Eq. 8, measure the deviation of the RBC from a spherical shape and the degree of the distortion on the x-y plane, respectively. From our simulations, we can compute Table 2 shows the ASF and ESF for these two different types of sickle RBCs. Compared to the holly leaf-shaped RBC, the sickle-shaped RBC exhibits a larger distortion on the x-y plane and a smaller deviation from the healthy RBC. In a recent study, Lei and Karniadakis (51) investigated the effect of HbS fiber length and cross-linking on the morphology of sickle RBCs using coarse-grained models of intracellular aligned hemoglobin polymers. They found that the final shape of sickle RBCs was determined by the angular width of the aligned hemoglobin polymer domain and the polymer growth rate as well as the cell membrane rigidity. In their study, the growth of the aligned hemoglobin polymer is modeled by adding single DPD particles to its end. Here we use a linear spring model to simulate the growth of the HbS fiber through continuous increase of the spring's equilibrium length to a specified length at a given oxygen concentration. The different RBC shapes we simulated in this study show consistent agreement with the simulation results of Lei and Karniadakis (51) and the experimental observations of Asakura et al. (25) .
Following Lei and Karniadakis
ASF ¼ ðR 1 À R 2 Þ 2 þðR 2 À R 3 Þ 2 þðR 3 À R 1 Þ 2 2ðR 1 þ R 2 þ R 3 Þ 2 ;(11)ESF ¼ R 1 R 2 :(12)
CONCLUSION
In this article, we have studied the self-assembled complex microstructures of sickle hemoglobin (HbS) and observed the shape deformation of red blood cell (RBC) induced by the growth of HbS fibers in dissipative particle dynamics (DPD) simulations. A coarse-grained HbS model has been developed to capture the structural properties of HbS and a large number of cytosolic particles describe the crowding effects inside the living cell. Specifically, one hemoglobin molecule was built with two hydrophilic and two hydrophobic particles, and the coarse-grained HbS model was constructed with several HbS molecules by joining consecutively hydrophobic particles with harmonic springs, forming a strand. In addition, one of the two hydrophobic particle in a HbS molecule on one strand was connected to another hydrophobic particle in a neighboring HbS molecule on another strand to describe the hydrophobic patch between two different b-subunits.
The hydrophobic interactions were demonstrated to be necessary with chirality being the main driver for the formation of HbS fibers. Along with the introduction of an extra chiral interaction among three consecutive hydrophobic particles, the self-assembled microstructures and corresponding properties were anticipated to change significantly. In the absence of chain chirality, only small self-assembled aggregates were observed whereas self-assembled elongated steplike bundle microstructures appeared when we considered the chain chirality. We noted that the formation of these microstructures is a result of the local packing constraint due to chiral interactions.
We also investigated the response of a RBC due to the aggregation of HbS molecules. The RBC kept its shape when only the cytosolic particles were included inside the RBC membrane. Strong RBC membrane fluctuations took place when we included the HbS molecules into the RBC. The strong membrane fluctuations of RBC also affected the self-assembly of HbS molecules by suppressing the self-assembly process. To solve this problem, we need to further advance the multiscale RBC model and develop more appropriate membrane boundary conditions.
In this study, we placed an elongated HbS fiber (already formed in a three-dimensional periodic system) inside the 
